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ABSTRACT 



We present the observed-frame optical, near- and mid-infrared properties of X-ray selected AGN in the Lockman Hole. Using a 
likelihood ratio method on optical, near-infrared or mid-infrared catalogues, we assigned counterparts to 401 out of the 409 X-ray 
sources of the XMM-Newton catalogue. Accurate photometry was collected for all the sources from U to 24 fan. We used X-ray 
and optical criteria to remove any normal galaxies, galactic stars, or X-ray clusters among them and studied the multi-wavelength 
properties of the remaining 377 AGN. We used a mid-IR colour-colour selection to understand the AGN contribution to the optical 
and infrared emission. Using this selection, we identified different behaviours of AGN-dominated and host-dominated sources in 
X-ray-optical-infrared colour-colour diagrams. More specifically, the AGN dominated sources show a clear trend in the f x /fg c vs. 
Rc - K and /24^ m //R c vs. Rc - K diagrams, while the hosts follow the behaviour of non X-ray detected galaxies. In the optical- 
near-infrared colour-magnitude diagram we see that the known trend of redder objects being more obscured in X-rays is stronger for 
AGN-dominated than for host-dominated systems. This is an indication that the trend is more related to the AGN contaminating the 
overall colours than any evolutionary effects. Finally, we find that a significant fraction (~ 30%) of the reddest AGN are not obscured 
in X-rays. 

Key words. Galaxies: active - Galaxies: Seyfert - Galaxies: statistics - X-rays: galaxies - Infrared: galaxies 



1. Introduction 

Active galactic nuclei (AGN) are among the most en- 
ergetic phenomena in the universe being responsible for 
a significant fraction (~ 15% ) of its total luminosity 
dElvis. Risaliti & Zamoranii |2002|) . The energy output of a sin- 
gle AGN can be as high as 10| 4 - 10 15 L H 10 47 ergs _1 (e.g. 
Hopkins, Rich ards & Hernquistl [2007). The peak of their en- 
ergy distribution is at high energies (UV / soft X-rays), hence 
X-ray surveys are the m ost efficient and the most widely used 
method to detect AGN (Br andt & HasingetL 120051) . because of 
their small contamination by non- AGN sources. 

However, in order to have a complete picture of the prop- 
erties of AGN, one needs to take into consideration their full 
multi-wavelength energy distribution. While the ionising ra- 
diation of AGN ca n be directly detecte d in X-ray and ultra- 
violet wavelengths ( Str ateva et al.L 120051) . there are many cases 
where the line of sight is obscured by circumnuclear mate- 
rial. This may absorb the UV and soft X-ray photons in a 
quantity depending on its column density. The fraction of ob- 
scure d AGN is higher at non - local redshifts (|La Franca et all 
l2005t iTreister & Urrvl |2006[ lHasingerl |2008), which is re- 
flected on t he ch a racteristic shape of the X-ray ba ckground 
dUeda et all I2003L iGilli. Comastri & HasingeA 120071) . The ob- 
scured ionising photons are then re-emitted in infrared wave- 
lengths, where the resulting SEP will show a characteristic 
power-law spectrum (Neugeb auer et al.lll979l) . The detection of 
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AGN through this characteristic fe ature is a powerful and widely 
used method of detecting AGN dLacv et al.L 120041: IStern et all 
2005; lAlonso-Herrero et al.L 120061 iDonlev et all 120071) . while 
adding information from the optical bands can refine the se- 
lection dRichards et al.L 12006). The infrared selection of AGN is 
particularly important for the detection of X-ray obscured AGN 
which sof t X-ray and UV light are absorbed b y circumnuclear 
dust (e.g. lLacv et all I2007L Eckart et al.L l2010h . 

Moreover, the evolution of the AGN cannot be thoroughly 
studied without taking into account the properties of the host 
galaxy, which emits predominantly in optical and infrared wave- 
lengths. There is an observed correlation between hos t and AGN 
evolu ti on, (the M-sigm a and M - bulge relations; [K ormendy, 
1983 : iMagorrian et all I1998L iFerrarese & Merrittl 2 000 
Gebhardt et all 120001: iTremaine et all I2002L lHaring & Rix , 
2004 iGiiltekin et all I2009TT and its origin and evolution with 
time is still under debate dWoo et all I2008L iMerloni etafl 
2010). For the study of the properties of both the AGN and the 
host galaxy it is necessary that one separates the observational 
characteristics of these two components. In cases of objects at 
non-local redshifts, where their angular sizes are usually too 
small to be resolved by ground-based optical telescopes without 
the use of adaptive optics, the only way to do it is through de- 
tecting AG N and host galaxy cha racteristics in their broad-band 
spectra (see IMerloni et all 1201 Ol) . therefore a multi-wavelength 
approach is essential. 

In this paper, we present observed-frame multi-wavelength 
results from the Lockman Hole survey, which is one of the 
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deepest in X-ray wavelengths (iBrunner et al 1 12008b and also 
has broad coverage in optical, near-, and mid-infrared wave- 
lengths with the most sensitive ground-based (LBT, Subaru, 
and UKIRT) and space (Spitzer) telescopes. In Section[2] we 
describe the multi-wavelength data used and in Section lXD we 
use the likelihood ratio method to find counterparts for the X- 
ray sources and construct the multi-wavelength catalogue. In 
Section l3~2l we identify any normal galaxies, stars or X-ray clus- 
ters, which we remove from our sample, and in Section|4]we use 
the mid-infrared colours to assess the host galaxy contribution 
in the optical-infrared flux. Finally, in Section[5]we discuss the 
different behaviours of the hosts and the AGN, and summarise 
our results in Section[6] 

2. Data 

2.1. X-rays 

The X-ray observations of the Lockman Hole took place be- 
tween April 2000 and December 2002 with XMM-Newton. 
The final catalogue of the inner 15' of the survey con- 
tains 409 sources with flux limits of 1.9 x 10~ 16 erg cm _2 s _1 , 
9 x 10 _16 ergcnr 2 s _1 , and 1.8 x 10~ 15 erg cm^s" 1 in the 0.5- 
2.0keV, 2.0-lOOkeV , and 5.0-10.0keV bands respectively 
( IBrunner et al ., 2008). Low resolution X- ray spectra have been 
extracted for the bri ghtest 143 sources dMainieri et al.l [2002; 
iMateos eT al.. 2005), giving a mixed bag of obscured and un- 
obscured sources, in terms of A^h- As these spectra and conse- 
quently the hydrogen column density information are available 
for only a fraction of the sources, in this paper we will use the X- 
ray hardness ratio between the (0.5-2.0) keV an d (2.0-4.5) keV 
bands as an indication of the X-ray absorption. iMainieri et alj 
(120021) use the X-ray and optical spectra of the X-ray bright- 
est AGN and find that optically type-2 AGN tend to have large 
hydrogen column densities (logA^H > 21.5 cm -2 ). The dividing 
line in hardness ratio betw een obscured and unobscured sources 
is at HR = -0.4 (Fig. 3 in IMainieri eTall l2002t lHasinger et all 
1200 lh. and th is is the val ue we will use (se e also similar result s 
in lDella Ceca et al.ll2004l and simulations in lDwellv et alJl2005h . 

2.2. Optical 

The optical observations of the Lockman Hole were conducted 
with the Large Binocular Telescope (U-B-V bands) and the 
Subaru Telescope (Rc-Ic-z' bands). The LBT observations were 
taken from February 2007 to March 2009. The data and the anal- 
ysis technique are described in lRovilos et al.l(l2009l) . The Rq, Ic, 
and z' bands have been observed with the Suprime-Cam of the 
Subaru telescope b etween November 2001 and April 2002 (see 
iBarris et aQl2004l) . The data have been analysed using standard 
techniques and the final images cover an area of 0.5 deg 2 cover- 
ing the entire LBT and XMM area. The PSF FWHM of the final 
images is in the order of 0.85 arcsec. 

In order to extract the optical magnitudes we first register 
all the optical images to a common fra me, and as such we us e 
the SWIRE infrared extragalactic survey (Lonsd ale et al.Ll2~003h . 
which has an astrometric accuracy of 0.2" with respect to the 
2MASS survey. The typical rms of the positional differences be- 
tween the final positions of our sources and the SWIRE sources 
is one pixel, which corresponds to 0.2", or one quarter to one 
fifth of the FWHM of the PSF of the optical images. 

We extract the sources o f the optical images using sextrac- 
tor dBertin & Arnoutslll996 | ) in dual mo d e with parameters sim- 
ilar to what described in iRovilos et al . (2009). As a detection 



image we use the Rc image, which is the best in terms of see- 
ing (0.9") and depth, and measure the fluxes of the sources in 
3" diameter apertures. The largest PSF is that of the [/-band 
image (FWHM=1.06") which is 17% larger than the best PSF. 
As the seeing is relatively good, in 3" aperture the total flux is 
included in all bands for point sources. Nevertheless, we make 
simulations to find any residual aperture corrections needed and 
fine-tune the final zero-points using colour-colour track of stars. 
Details on the relative photometry will be given in a subsequent 
paper (Fotopoulou et al. in preparation). 

2.3. Near- and mid-infrared 

The region of the Lockman Hole in study has been targeted in 
both the near infrared by the UKIRT and the mid infrared by 
Spitzer-IRAC and Spitzer- MlPS. The UKIRT obs ervations are 
part of the UKIDSS survey (lLawrence et al.Ll2007h . We use the 
Data Release 5 (DR5) of the Deep Extragalactic Survey (DXS), 
which includes J and /f-band images and source catalogues of 
the Lockman Hole to a limiting magnitude of K = 21 (Vega) in 
the deepest part of the survey. 

IRAC on board Spitzer has observed the Lockman Hole 
in 3.6 yum, 4.5 pm, 5.8//m, and 8.0/vm in April 2004 with 
a total integration t i me o f 500 s per band (see details in 
iPerez-Gonzalez et al. , 2008). We have used sextractor in dual 
mode, using the 3.6 pm image to detect sources and measured 
their fluxes in all four bands. We have extracted aperture magni- 
tudes with an aperture diamete r of 3.8"in all four bands and used 
standard aperture corrections (ISurace et al.l t2Q05b to derive the 
total magnitudes. The detection limit at 3.6 pm is 24.5 mag(AB). 
This method may cause an underestimation of the fluxes of ex- 
tended sources, however our analysis shows that the number 
of affected sources is less than 20% of the 3.6 pm detections. 
Moreover, this aperture effect is less severe in the IRAC colours 
used in this paper due to the similar PSF sizes of the IRAC chan- 
nels 1-2 and 3-4. 

The MIPS observations were conducted on Nov ember 2003, 
with a total integration time of SOOspixeL 1 (see Egamfetajl 
l2004h . New observations taken on April 2005 are integrated and 
standard MIPS procedures were used for the data reduction. The 
source extraction is done using DAOPHOT with a limiting mag- 
nitude of 20.3 mag(AB). 



3. The sample 

3.1. Sample Construction 

We have started constructing the multi-colour catalogue of the 
XMM sources by cross-correlating the XMM catalogue with the 
UKIDSS /T-band catalogue. Since the vast majority of the XMM 
sources are AGN, looking in the optical bands for counterparts 
to the X-ray sources would introduce a bias against red AGN, 
which show increased X-ray to optical ratios but normal X-ra y 
to near-infrared ratios (Maini eri et al.l I2002I iBrusa et al .,2005). 
Ideally we should have used the deeper IRAC 3.6 ^m image, 
however we use the /f-band due to its smaller PSF. 

We use the likelihood ratio method ( Suther land & Saundersl 
1992) to find /f-band counterparts to the X-ray sources. The like- 
lihood ratio (LR) of a possible K counterpart with magnitude m 
at a distance r from an X-ray source is defined as: 

TDt , q(m)f(r) 

LR(m,r) = — — — (1) 
n(m) 
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120101) . The reliability Rj of a possible counterpart (2) is defined 
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Fig. 1. Various distributions used for the calculation of the likeli- 
hood ratio of the T^-band to X-ray counterparts. The histograms 
represent the total(m), n(ni)iir\, and real(m) with the dashed, 
dotted, and solid lines respectively, while the solid line is the 
smoothed real(m) used for the LR calculation. 



where f(r) is the combined probability distribution function of 
the positional errors of the two catalogues. Here, we assume 
Gaussian distributions and define: 



m = 



1 



where cr\ and cr 2 are the uncertainties of the positions in the 
two catalogues. For the positional unc ertainties, we use the pub- 
lished values of B runne r" ;t al.l J2008) for the X-ray sources, a 
fraction (1/4) of the FWHM of the source for the optical and 
IRAC sources, and a constant value of 0.5" for UKIDSS. The 
distributions used to calculate the likelihood ratio in EquationQ] 
are: n(m), the surface density of UKIDSS objects with magni- 
tude m(+dm/2), and q{m) defined as: 



q(m) 



where 



real(m) 
2; real(m)i 



Q 



Q 



f 



q(m)dm 



is the probability that the counterpart is brighter than the magni- 
tude limit of the K catalogue (practically the final ratio of X-ray 
sources with a K counterpart), real(m) is the expected magnitude 
distribution of "real" counterparts, defined as: 

real(m) = total(m) — n(m)nr\ 

where total(m) is the total distribution of possible counterparts 
within the search radius r s . All the above distributions are shown 
in FigureQ] 

Given the uncerta inties in the positions of the X-ray sources 
dBrunner et all 120081) we search for K counterparts with an ini- 
tial radius of 5". The optimum likelihood ratio threshold (LR t h) 
we use to select reliable counterparts is the one which maximises 
the sum of the mean reliability and detection rate fsee lLuo et all 



as 



Ri 



LRi 



ZLRj + Q-QtMvad) 



where j refers to the different K counterparts to a specific X- 
ray source, and the mean reliability is the mean of the relia- 
bilities of all counterparts with LR > LR±. The detection rate 
is the ratio of the sum of the reliabilities of the counterparts 
with LR > LR t h over the number of the X-ray sources. With 
LR± - 0.15, which yields 89.01% reliability we find counter- 
parts for 380 X-ray sources. For X-ray sources lacking a /^-band 
counterpart, we repeat the procedure described above using the 
/?c-band optical catalogue, detecting additional 14 sources, and 
again for the IRAC and MIPS catalogues detecting another seven 
sources. 

We finally compile a master catalogue with all the counter- 
parts. We use again the likelihood ratio method to find the cor- 
rect optical associations for the near-infrared counterparts, and 
vice-versa, this time with an initial search radius of 3". Finally, 
we visually inspect the optical and infrared images to spot any 
obvious mis-identifications and identify any sources which are 
missing from the catalogues either because of unreliable pho- 
tometry (e.g. saturation) or failure of the source extracting al- 
gorithm (e.g. due to a nearby bright source). We also flag some 
cases where the optical or infrared counterpart is a blend of two 
or more sources. 

The detection rate of the X-ray sources in the various bands 
can be seen in Tablefl] The highest detection rate is in the IRAC 
3.6 jjm band, and the optical Rc-band has a higher detection rate 
than the UKIDSS /T-band. However, the X-rays - Rc associa- 
tions are made through the ^-band, or better we use Rc counter- 
parts of the Zf-band sources which in turn are counterparts of the 
X-ray sources. Differently the Rc counterparts would not have a 
high LR in a direct X-ray - optical counterpart search due to the 
large number of confusing optical sources. Note that some X-ray 
sources are not observed in all available wavelengths. In Figure 
|2]we can see the distribution of the X-ray sources in the sky with 
the areas covered by the different images that map the Lockman 
Hole area. We find a reliable optical, near-, or mid-infrared coun- 
terpart for 401/409 X-ray sources (98.0%). Of the 8 sources for 
which a reliable counterpart is not found, 2 are associated with 
diffuse X-ray sources ( XID2513, 2514) which mark the posi- 
tions of galaxy clusters (Finoguen ov et all 20051). one (XID 101 ) 
is a low -reliability X-ray source (L - 11; Brunner et all 12008). 
and one (XID 576) is an off-nuclear source. The remaining three 
are not detected in our images. 



3.2. Sample properties 

In Table|2]we list the X-ray properties of the 409 XMM sources, 
as well as the positions of their optical - infrared counter- 
parts for 401 sources (the position of the optical counterpart 
in the Rc Subaru image is given, unless stated otherwise), and 
some basic optical and infrared properties. Detailed optical and 
infrared photometry will be presented in a future paper to- 
gether with photometric redshifts, not available at the moment 
(Fotopoulou et al. in preparation). For 118 s ources spectroscopic 



asinger et al., 199 



redshifts are available either in literature 
Schmidt et al 1 1 1 998t iLehmann et all I2000L 1200 lb iMateos et all 
2005) or via a recent spectroscopic campaign at Keck/DEIMOS 
(PI: Scoville). For these sources the X-ray lumino sities in Ta ble[2] 
have been calculated using the fitted value of T dMainieri et alT 
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Table 1. Various information of the different catalogues used in this work and the correlation of X-ray sources. 



Catalogue 


solid angle 


limit 


PSF FWHM 


detection rate 




deg 2 


AB 


(arcsec) 




optical (R c ) 


0.53 


26.6 (5cr) 


0.9 


385/404 (95.3%) 


UKIDSS (K) 


0.78 


24.0 (2.5cr) 


0.9 


382/407 (93.9%) 


IRAC (3.6/rni) 


0.47 


24.5 (2cr) 


2.1 


381/396 (96.2%) 


MIPS (24y[im) 


0.84 


20.3 (5cr) 


6.0 


219/401 (54.6%) 
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Fig. 2. Coverage of the Lockman Hole region containing the 
XMM-Newton X-ray sources (plotted in crosses). The dotted, 
solid, dashed, long-dashed, and dot-dashed lines represent the 
boarders of the LBT (U-B-V bands), Subaru (Rc-Ic-Z? bands), 
UKIDSS, IRAC, and MIPS exposures, respectively. 



2002; Mateoset all 120051) or T = 2.0 (see lMainieri et ali r2002) 
when this is not available. 

In this paper we want to focus on the observed-frame 
multi-wavelength properties of X-ray selected AGN and there- 
fore we make an attempt to characterise the X-ray sources. 
In all diagrams we avoid stellar objects, identified by optical 
spectroscopy (9 sources with z = in Tabled . One more 
source (XID526) i s flagged as a s tar, based on its low R - 
m3.6^m colour (see lllbert et all 120091) . low X-ray to optical ratio 
(log(/x// op t) = -1.10), and soft X-ray spectrum (HR = -0.73). 
Normal galaxies are identified by their low X-ray luminosities 
(Lfp mice v < lO^ergs" 1 ) in combination with their soft X-ray 
spectra (iBauer et all 120041) . In cases where the X-ray luminos- 
ity is not known they are identified by their low X-ray to optical 
ratio dHornschemeier et all |2003) and their soft spectra. Here, 
we define a soft X-ray spectrum as HR < -0.4. In order to 
have a clean AGN sample we flag as galaxies sources which 
have log(/ x // opt ) < —1.5. This value is more conservative for 
the AGN selection than the usual limit (log(/ x // op t) < -2) and 
we use it to get a cleaner sample, knowing that some low lu- 
minosity or very heavily obscured AGN may be lost. Finally, 
we exclude extended X-ray sources , which are related to gal axy 
clusters rather than AGN (11 cases; Finogu enov et alll2005l) . 

Our final sample consists of 377 X-ray AGN, of these 204 are 
likely unobscured and 173 are obscured based on the hardness 



ratio classification between the (0.5-2.0) keV and (2.0-4.5) keV 
bands and a limit of HR = -0.4. 



4. AGN-host contribution 

In order to have a measure of the host galaxy contribution to the 
optical and infrared flux of the AGN, we use the IRAC colours 
of the sources of our sample. The intrinsic mid-infrared spectral 
energy distribution of a pure AGN domin ated source is a power- 
law with a spectral inde x a < -0.5 ( Alons ~Herrero et all 
120061: iDonlev et all 120071) and has characteristic MIR colours. 
IStern et all (120051) define a specific region in the MIR colour- 
colour diagram which contains a large fraction (90%) of opti- 
cally bright broad-line AGN and 40% of narrow-line AGN. 

In Figure|3]we plot the [3.6] -[4.5] vs. [5.8] -[8.0] colours of 
X-ray AGN with IRAC c ounterparts, marking the region speci- 
fied by IStern et al. (2005) with a solid line. Red and blue sym- 
bols represent X-ray obscured and unobscured AGN respec- 
tively, while larger circles mark sources bright both in the op- 
tical (Rab < 21.5) a nd in 3.6 nm (fa i( ,„ > 12yuJy) to reproduce 
the sources used in IStern et all (|2005). The lines are tracks of 
different spectral energy distributions from z — to z — 4 with 
black dots marking z = and z = 2; the long-dashed line is the 
SED of Arp220, a dusty starburst galaxy and the prototypical 
ULIRG, the dotted line is the SED of an elliptical, the dot-long- 
dashed line the SED of a SO spiral, and finally the short-dashed 
and solid lines are broad-line QSOl and QS02 SEDs respec- 
tively. All SEDs are taken from the SWIRE template library3 
dPollettaet all 120071) . 

We can see in Figure|3] that 277 out of the 377 X-ray se- 
lected AGN are detected in all four IRAC bands, and they are 
evenly distributed inside and outside the "wedge" which de- 
fines typical mid-infrared colours of optically bright AGN. If 
we look into their X-ray spectral properties, 79/152 (52.0%) 
of unobscured AGN with full IRAC photometry are inside the 
wedge and 73/152 (48.0%) outside. The numbers for obscured 
objects are 58/125 (46.4%) and 67/125 (53.6%) in and out of 
the mid-IR wedge, respectively. These numbers change dramat- 
ically if we consider only bright sources in the optical and near- 
infrared C^ab < 21.5 and /3.6^/m > 12/vJy) to reproduce the 
IStern et all (120051) sample. The fraction of unobscured AGN in- 
side the wedge rises to 27/37 (73.0%), while the fraction of ob- 
scured AGN insid e the wedge falls to 2/15 (13.3%). Thus the 
IStern et all (120051) criterion is reliable only in th e bright unob- 
scured AGN regime, as was already discussed by Barmbv et al. 
(120061) in the AEGIS survey, where only 40% of the X-ray 
sources have red (a < 0) SEDs (see also Carda mone et all 2008: 
lBrusaetalll2009ll2010l) . 

In this paper we will use the position in the lStern et al.l (|2005 ) 
diagram not as a selection criterion for AGN but as an indication 
of the relative contribution of the AGN in the optical and infrared 
colours. We assume that the AGN part of the SED is always a 
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Fig. 3. XMM Lockman Hole sources plotted on the IStern et all (120051) diagram. In blue and red circles are plotted soft and hard 
X-ray sources according to their hardness ratios, while large symbols mark sources with bright optical and mid-infrared fluxes 
(Rab < 21.5 and f-i.e^m > 12 fily) to imitate the selection criteria used bv lStern et al.l (120051) . Grey dots represent the mid-infrared 
colours of all IRAC detections in the Lockman Hole, and the lines are tracks of different SED templates with < z < 4. 



red power-law (see lElvis et a! 1 11994 being a combination of 
(thermal) emission from the heated dust o f the circumnuclear 
torus and (non-thermal) nuclear emission dRieke & Lebofskv. 
119811) . Its IRAC colours would reside in the wedge indepen- 
dent from its obscuration for the vast majority of our AGN. The 
track of the QSOl SED (dashed line in Figure[3) is always in 
the wedge, whereas the QS02 SED (solid line in Figure|3]l is 
in the wedge for z < 3.87; only 1/95 of our X-ray AGN with 
a spectroscopic redshift have z > 3.87. On the other hand, the 
non-AGN tracks are outside the wedge for z < 2.85, while only 
7/95 (7.3%) of our X-ray AGN with a spectroscopic redshift 
have z > 2.85. Assuming that there is a link between X-ray 
and optical-infrared obscuration, a bright unobscured AGN will 
have its infrared colours dominated by the active nucleus, ex- 
plaining the bright blue points in Figure|3] Checking the AGN 
with spectroscopic redshift information we see that luminous 
AGN (with L x > 10 44 ergs _1 ) with full IRAC photometry are 
indeed predominantly unobscured (28/35) objects inside the 
wedge (32/35). Therefore, the (optically) bright AGN outside the 
wedge are low apparent X-ray luminosity (either obscured or in- 



trinsically faint) AGN at lower redshift (z < 0.8), where the host 
galaxy contribution to the IRAC flux is not negligible both for 
obscured and unobscured objects. In the fainter regime, the AGN 
light is either intrinsically fainter making the host contribution 
stronger even for unobscured systems, or we are at higher red- 
shifts , where the host galaxy luminosity is increased dLillv et all 
1996), diluting the observed-frame mid-infrared light of even 
brighter unobscured AGN, hence the faint unobscured AGN out- 
side the wedge. On the other hand, the light of even an obscured 
AGN could prevail over a weak host, explaining the faint ob- 
scured systems inside the wedge. 

We further test whether the position of an X-ray source in the 
IRAC colour-colour diagram provides a hint about the contribu- 
tion of the host galaxy by plotting the X-ray to optical flux ratio 
against the Rc - K colour in Figure|4] considering the Rq - K 
colour to be a proxy of optical obscuration and extinction. We 
calculate the X-ray to optical flux ratio using: 

, fx , f , flc(AB) ... 

log — = log/o. 5 -10keV + - g + 5.5 (2) 
JRr l -~> 
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Fig. 4. X-ray to optical flux ratio versus Rc - K colour of the 
X-ray AGN in the Lockman Hole. Blue and red colours repre- 
sent hard and soft X-ray sources respectively according to their 
hardness ratio and different symbols represent the position of the 
IRAC counterpart in the Stern diagram (Figure|3). Filled circles 
are sources in the wedge (with MIR colours typical of AGN), 
open circles are sources outside the wedge (with MIR colours 
typical of non-active galaxies) and asterisks are sources without 
full IRAC photometry, either because they are fainter than the 
IRAC limiting magnitude or out of the field. The solid line is the 
best-fit line to the positions of the filled circles while the dashed 
lines mark its lcr limits. 

Red and blue circles again mark obscured and unobscured AGN 
respectively, based on their X-ray hardness ratio, and filled and 
open symbols denote the position of the source in the IRAC 
colour-col our diagram , with f illed symbols representing sources 
filling the IStern et al l (120051) criterion. We can see that filled 
symbols follow a well defined trend in the / x //r c -Rq — K plane. 
Simultaneously there is a clear dichotomy between obscured and 
unobscured objects, obscured being redder in Rc - K. We fit a 
straight line to the position s of the filled circl es of Figure|4]using 
the orthogonal regression (llsobe et al.l 1 19901) as we have uncer- 
tainties in both axes and we get: 



log 



A 

flic 



(0.27 + 0.05)(R C -K)~ (0.53 + 0.03) 



which we plot with the solid line, the dashed lines marking the 
lcr area. The open symbols on the other hand seem to have a 
more random distribution, while generally having lower / x //r c 
values for their respective Rc - K. This is a hint that we are 
detecting a lower AGN contribution in sources outside the MIR 
wedge. Also there are very few open symbols with Rc - K < 3. 
This is an area occupied by unobscured QSOs. 

The different behaviour of sources inside and outside the 
IRAC colour wedge is even more evident when we plot the 
24yum to optical (Rc) flux ratio against the Rc - K colour in 
Figure|5] The blue and red symbols are identical to Figure^] 
while with grey dots we plot the 24 /mi sources with no X-ray 
detection. The black galaxy tracks are the same as in Figure|3] 
and we also plot tracks of Seyfert-2 and Seyfert-1.8, as well as 
the Compton-thick AGN Mrk 23 1 with dashed, solid and dot- 
dashed violet lines respectively. The 24 fim to optical flux ratio 
is often used to detect galaxies with dust obscuration, which en- 
hances 24 /mi emission while blocking optical light. The most 
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Fig. 5. Mid-infrared (24/itn) to optical (Rc) flux ratio versus 
Rc - K colour of the X-ray AGN in the Lockman Hole. The 
blue and red symbols are identical with Figure|4] while the grey 
dots represent all optical-IRAC-MIPS sources in the Lockman 
Hole. The black lines are the tracks of QSO and Arp220 SEDs 
with < z < 3, while the violet lines are tracks of SED combi- 
nations between QSOs and host galaxies (non type-1 Seyferts). 
Green lines from right to left are tracks of elliptical, spirals, and 
irregular galaxies. 

Table 3. Fractions of obscured (with HR > -0.4) X-ray AGN 
with respect to their mid-infrared (24/i/m) to optical flux ratio 
and Rc - K colour. Here an Rc - K - 4 division is used to 
denote optically obscured and unobscured objects. This is a more 
modest limit than the Rc~K = 5 used in this paper and elsewhere 
to select EROs. 





filled 
(inside wedge) 


open 
(outside wedge) 


Mixm/fRc > 100 
flAnJfRc < 100 

R c - K > 4 
R c - K < 4 


38/56 (67.9%) 
13/57 (22.8%) 
40/55 (72.7%) 
11/58(19.0%) 


18/34 (52.9%) 
33/63 (52.4%) 
36/64 (56.3%) 
15/33 (45.5%) 



extreme cases, with h\ am lf OD t > 1000 are the "dust obscured 
galaxies" class (DOGs; iHouck et al.L 120051) . which are usual! 
found in relative high redshift sources (z — 2; 
iDevet all 2008; Pope et all 12008: Fiore et al. 



■e usually 
Fiore et ail 120081 



In Figure|5]we can see that the filled and open symbols fol- 
low different distributions. There is again a correlation between 
/24//m//fi c an d Rc ~ K for filled symbols, which does not hold 
for open symbols; the latter seem to lie on the locus of spirals 
(moderately star-forming objects) or optically obscured S eyferts, 
which may be expected, assuming that their optical and infrared 
light is dominated by the host galaxy. The filled symbols in 
Figure|5]can be fitted with QSO templates, QSOl in low R c -K 
cases and QS02 in high Rc — K. There is a clear dichotomy be- 
tween obscured and unobscured objects both in Rc - K and in 

f24fim/f Rc- 
lll Table[3] we indicate the fraction of obscured objects of 
various populations on Figure|5] according to their fiAfim I Ir c or 
Rc-K values. All the sources taken into account are detected in 
all R c , K, IRAC and MI PS bands. We can see that the sources 
which comply with the IStern et ail d2005) AGN criteria have 
high fractions of obscured objects if they have high f^^ml '/r c 
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or Rc - K values and low fractions otherwise. The correlation of 
the hardness ratios with fi\ m lfR c or Rc ~ K is always signifi- 
cant, > 99% according to K-S tests. On the other hand, sources 
with IRAC colours not compatible with AGN do not show any 
correlation, and we assume that this is due to dilution of their 
optical and infrared fluxes by the host galaxy, which smears out 
their positions in the fiA^ml ,fR c -Rc ~ K diagram. 

The optical-infrared colours of the host dominated AGN can- 
not be fit with either QSO or passive galaxy templates (e.g. el- 
liptical or SO). The passive templates have a very low fufiml '/r c 
ratio and the QSO very high. A good fit is a combination of the 
two: lPozzi et alJ d2007l) used combinations of passive galaxy and 
AGN templates to explain th e optical to 24 nm SEP of a number 
of ob scured quasars (see also Salv ato et al.l 120091 iMerloni et all 
120101). The tracks of the Seyfert-1.8 and Seyfert-2 templates 
from iPolletta et al.l (120071) . which are examples of moderately 
luminous AGN with host galaxy contribution explain the high 
end of the optical - mid-infrared colours of host dominated AGN. 
Another possible alternative is a template with enhanced star for- 
mation. The solid green lines in Figure[5]represent the tracks of 
SO, Sa, Sb, Sc, Sd, and Sdm templates, from right to left, sim- 
ulating increasing star formation. A star-forming template with 
enhanced dust emission to resemble Arp220 can also explain 
the most extreme cases, in Rc - K colours, of host-dominated 
systems. A combination of a dusty starburst with AGN activity 
(Mrk231) explains the high-/24//m//fi c sources where both com- 
ponents contribute to the 24 fim flux. It is unclear if the 24 fim 
emission of the host-dominated sources (as well as the non-X- 
ray sources in grey dots) comes from AGN or a (dusty) starburst 
emission; a measurement of the mid and far-infrared properties 
to derive its temperature is needed to clarify this issue. 



5. Discussion 

5.1. X-ray Obscuration of Red AGN 

In Figures[6] and [7] we plot the optical {Rc) and near-infrared 
(K) magnitudes of the X-ray AGN with respect to their full- 
band (0.5-10)keV fluxes, making a distinction between X-ray 
obscured and unobscured objects, as well as their position in 
the Stern diagram as in Figures|4] and [5] The lines in Figures|6] 
and |7] represent log(/ x // Rc( A:)) = +1, -1, -2, calculated with 
Equation|2]and: 

, fx , , , jf(Vega) 

lOg — = lOg/ .5-10keV + + 69 

JK 

There are 64 AGN whose optical to near-IR colours (Rc - 
K > 5) put t hem in the extremely red objects (EROs) regime 
(lElston et all Il988l) . and they are plotted with a cross in 
Figures[6]and[7] EROs are examples of rapidly evolving galaxies, 
contributing a significan t fraction (> 10%) of the star formation 
density of the universe dGeo rgakakis e t all 120061) . We can see 
that they are almost equally distributed between X-ray obscured 
and unobscured (39 vs. 25 sources) and tend to have large X-ray 
to optical flux ratios but normal X-ray to near-infrared flux ra- 
tios; EROs have log(/ x // ) = 0.7 + 0.7 and log(fJf K ) = -0.2 + 
0.7, while the numbers for the non-ERO AGN population are 
log(/ x //o) = 0.2+ 6 and log( f x / M _ 0.0+0.7. This is a kn own 
property of EROs (iMainieri et all 120021; iBrusa et all 120051) and 
is suggestive that their red optical to near-infrared colours are 
caused by dust extinction which affects the optical wavelengths 
but not the n ear-infrared (or the X -rays in great extent). It is in- 
dicative that M ainieri et al ] (120021) do not find any EROs in the 
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Fig. 6. Optical (R c -band) versus X-ray (0.5-10keV) flux of the 
XMM-Newton sources. With blue and red symbols are plotted 
soft and hard X-ray sources respectively, characterised by their 
hardness ratio, HR = -0.4 being the dividing value. Different 
shapes are used according to the positions in the IRAC colour- 
colour wedge, similar to Figures|4]and|5] Crosses mark the posi- 
tions of EROs (with Rc - K > 5) and lines mark log(/ x // ) = 1, 
-1, and -2. 
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Fig. 7. Same as Figure|6]with the UKIDSS K-band flux instead 
of R c 



bright XMM - Lockman Hole sample associated with a broad- 
line AGN; they do on the other hand find that a third of the 
ERO sample are unabsorb ed in X-rays (^Vh < 10 215 crrT 2 ). Here, 
we expand the sample of IMainieri et al.l (120021) by considering 
multi-wavelength information of the faintest X-ray sources. 

As we can see in Figures|6] and [7] there is a number of EROs 
in our sample which are associated with soft X-ray AGN, which 
reaches 39.0% (25/64). We note here that there are two obser- 
vational effects that might cause a low hardness ratio of faint 
sources, without the source really being soft. The reason for the 
first effect is that faint sources have a small number of photons 
and the fact that XMM-Newton is more sensitive in the soft band. 
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Fig. 8. Variation of the fraction of obscured (with HR < 
-0.4) EROs with respect to X-ray flux. The dashed line is 
at 63.6%, where the overall fraction of obscured EROs with 
f x > 10~ I5 erg s^'ctrT 2 is. We do not see any significant depen- 
dency of the fraction of obscured EROs with X-ray flux, except 
for sources with f x < 10~ 15 erg s^'ctrT 2 . The vertical error-bars 
are Poisson estimates, while the horizontal are the bin widths, 
which were chosen to contain the same number of sources. 



This might cause a hard X-ray source to be detected only in the 
soft band, even though the harder photons are more abundant. 
The reason for the second effect is the nature of photoelectric 
absorption; when the column density of the absorbing material 
is < 10 24 ctrT 2 then photoelectric (or Compton-thin) absorption 
is the dominant mechanism and it soft X-ray photons are ab- 
sorbed up to a characteristic energy depending on the surface 
density of the obscuring material, causing an absorption turnover 
in the X-ray spectrum. In high-redshift (and thus low-flux) ob- 
jects this turnover might be redshifted beyond the energy bands 
where the hardness ratio is calculated, causing an absorbed AGN 
to have a low hardn ess ratio. This reds hift effect becomes impor- 
tant at z > 1.5 ( see iKim etall 120071) . Only three soft EROs in 
our sample have a spectroscopic redshift (marked with a cross in 
Figure[9} and their range is 0.805 < z < 1.018, while the typi- 
cal med ian redshift for optical ly selected EROs in deep fields is 
z ^ 1.2 dMoustakas et alll2004l) . 

To further check how both the redshift and the "low X-ray 
counts" effects affect the number of hard EROs in our sam- 
ple, we plot it with respect to the X-ray flux in Figure|8] the 
dashed line indicates the fraction of all hard EROs with f x > 
10~ 15 erg s^'crrT 2 . We do not see any obvious decrease in the 
fraction of hard sources with decreasing X-ray flux which we 
would expect if the redshift effect was severe (the most distant 
AGN are generally expected to have lower X-ray fluxes). We do 
see it for EROs with f x < 10~ 15 erg s^'ctrT 2 , and that is also due 
to the higher efficiency of XMM in lower energies and the small 
number of photons. We therefore assume that the redshift effect 
has a limited effect in the fraction of EROs with HR < -0.4, 
especially in the f x > 10~ 15 erg s^'cirT 2 regime. If we consider 
only sources with /0.5-iokeV > 10~ 15 erg s^'cirT 2 , the fraction of 
X-ray soft AGN among the EROs is still relatively high (19/56; 
33.9%). 

At higher fluxes (lower redshifts), a low hardness ratio of an 
obscured source can be caused by a scattered or a thermal com- 
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HR2 (2.0-4.5 vs. 4.5-10.0 keV) 

Fig. 9. X-ray colour-colour diagram of the Lockman Hole 
sources. EROs (with Rq - K > 5) are plotted in black symbols, 
while the non-ERO population in grey. The symbols (open-filled 
circles and asterisks) are identical to Figure^] The horizontal 
line at HR1 = -0.4 is the dividing line between soft and hard 
sources adopted for this paper and the purple region is the re- 
gion where the "leaky absorber" effect is important (see text). 
The cross in the top right corner shows a typical error-bar with 
dHRl = 0.15 and AHR2 = 0.20, while crosses on the individual 
sources mark AGN with a known spectroscopic redshift. 



ponent (e.g. iTurner et al.l 1 19971) . especially since the hardness 
ratio we use probes relatively low X-ray energies up to 4.5 keV. 
This component is 1 -2 orders of magnitude fainter than the emis- 
sion from the accretion disk (intrinsic transmission component) 
and the ab sorption turnover wo uld still be recognisable in higher 
energies. Hasi nger et al.l (120071) show that this "leaky absorber" 
spectrum has a higher "hard" hardness ratio in the XMM-Newton 
bands (HR2 between the 2.5-4.5 and 4.5-10.0keV bands), with 
HR2 > -0.1 when the relative strength of the scattered com- 
ponent is < 10%. In Figure|9]we plot the X-ray co l our-c olour 
diagram of the X-ray sources (see also Brunner et al. , 2008]), us- 
ing the same symbols as in Figures|6] and [7] and marking EROs 
with a black colour, the non-ERO AGN population plotted in 
grey. We can see that the soft (HR1 < -0.4) EROs do not have 
a different behaviour than the rest of the X-ray AGN. We also 
see that there are only six EROs with the "harder" hardness ra- 
tio being higher than -0.1, and only two of them (XID 1566 and 
XID470) have /0.5-iokeV > 10~ I5 erg s^'cirr 2 . We therefore as- 
sume that the "leaky absorber" effect does not play an important 
role for the majority of the soft EROs. Therefore we assume that 
they are X-ray unobscured. Consequently, if the red optical to 
near-infrared colours of the EROs are due to dust extinction this 
indicates that there is a discrepancy between optical and X-ray 
absorption in the order of ~ 30%. Alternatively the red colours 
could be a result of another process, such as an early-type host 
or very high redshift. 

In the literature, AGN with re d hosts (but not in all cases 
EROs) ar e generally obscured 
2007; Silverman et al 



(Rovilos & Georgantopoulos 
2008a; Georgakakisetal] |2008 



iPierce et all l2010» , but there are known cases of unobscured 
AGN with red hosts (jGeorgakakis, Georgantopoulos & Akvlas, 
2006) where dilution of the AGN optical light by the host galaxy 
is thought to play an important role. In Section|4] we use the 
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mid-infrared colours of the system to assess the host contribu- 
tion, and in Figures[6]and[7]we can see that there is a significant 
number of unobscured EROs whose optical-infrared colours are 
AGN dominated. This is more clearly shown in Figure|9] where 
we can see that while most of the unobscured EROs (16/25 
black objects below the solid line) are host-dominated and their 
red colour could come from a red host (either dust-obscured 
or evolved; we would need high resolution imaging or optical 
spectroscopy to differentiate between the two cases), there is 
still a non negligible numbetQ (7/25) whose red optical-infrared 
colours are AGN-dominated and a red host could not explain 
them. 

If we consider red colours as a result of high redshift, their 
redshift should be z > 6 in order for the Lyman break to be red- 
shifted beyond the Rc band. In such high redshift systems we 
would expect a high fraction of soft X-ray sources as a result of 
the K-correction. In other words, the signature of obscuration in 
X-rays, which is a turnover in the X-ray spectrum, would be red- 
shifted out of our observable window. However, very high red- 
shift objects are expected to have a high X-ray to optical flux 
ratio and even though EROs in general do have high / x // op t, 
only 8/25 (32.0%) unobscured EROs have /o.5-iokev I /r c > 10- 
Moreover, even these 8 cases with /o.5-iokev//R c > 10 are un- 
likely to be at z > 6, as the numbe r of AGN expected with z > 6 
is much lower; Bar ger et"aD(l2003|) do not find any z > 6 A GN in 
the CDFN (see also lRovilos et allboiOtlAird et aUl2010l) , while 
the number density of L x = 10 43 - 10 44 e r g s' 1 A GIsQ at z - 6 is 
~ 10 _6 Mpc 3 (see also ISilverman et all 12008b). Although we 
cannot rule out that there might be some high redshift AGN 
among the unobscured EROs (very hi gh redshift AGN a re ex- 
pected to have soft X-ray spectra, see Wang et al. (2004)) their 
number would be much lower than 8. 

We have seen that light dilution from the host galaxy, as well 
as redshift effects can explain the optical - near-IR colours of 
a number of soft EROs. There is a number however of sources 
for which the MIR colours and high X-ray fluxes argue against 
such explanations and present a discrepancy between the opti- 
cal and X-ray colours. This discrepancy is something not only 
con fined to the ERO population nor the Lockman Ho l e sur- 
vey dMateos et all 12 005; Szo kolv et all 12004 iTbzzi et all [2006; 
Treisteret al., 2009). The opposite effect, X-ray obscured AGN 
with no signs of optical obscuration has also been reported 
(Taie r et all l2007l) . In the next section we will try to find an ex- 
planation for the phenomenon considering line of sight effects or 
a very high dust to gas ratio. 

5.2. X-ray and optical classification 

By classifying the AGN using their optical to near-infrared 
colours we might be affected by the host galaxy. We use the 
mid-IR colours to quantify this by separating sources accord- 
ing to whether they are compatible with AGN SEDs or not. 
The fraction of obscured objects is plotted against the Rc - K 
colour for sources in (i.e. AGN dominated; filled circle) and out 
(i.e. host dominated; empty circle) the Stem wedge in FigurefTUl 
Clearly the fraction of obscured systems increases with increas- 
ing Rc - K, while for host-dominated systems the fraction seems 
constant within lcr. 

In host dominated systems we are expecting a loose (if any) 
correlation between the optical-infrared colour and the X-ray ob- 

2 for 2 sources we do not have complete IRAC photometry 

3 The X-ray luminosity of a z = 6 source with f x = 10~ 16 erg s'cm -2 
andT = 2 is 4 x 10 43 ergs~' 
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Fig. 10. Fraction of obscured (with HR > -0.4) X-ray AGN 
versus Rc - K colour. Filled circles and the solid lin e represent 
sources which mid-infrared IRAC colours satisfy the IS tern et alj 
(2005) criteria and are assumed to be AGN-dominated in the 
optical-infrared, while open circles and the dashed line repre- 
sent sources where the host galaxy is assumed to dominate the 
optical-infrared flux. 



scuration properties and this is what we observe. The colour of 
the host can come from its dust reddening or from the colour 
of its stellar population (see also previous section). A young 
stellar population would yield a blue host colour while a red 
host can come from both an evolved population and interstel- 
lar dust. The interstellar dust can be the only mechanism that 
has an effect in the obscuration of the central engine, hence 
the loose correlation observed between X-ray obs curation and 
star-formation pr o bed by radio dRovilos et al.H2007l) . [OH1-3727 
(ISilverman et all 120091). or far-infr ared emission dLutz et all 
2010). Note that lRovilos et al.l d2007l) do find a correlation when 
considering only X-ray absorbed cases. 

The above assumptions are no longer valid if the Rc - K 
colours are characteristic of the AGN rather than the host galaxy. 
Here, a blue optical colour means that we see the AGN unaf- 
fected by dust, while a red AGN is a result of its absorption. 
Indeed, only 1/30 of the bluest AGN (with R c - K < 3 and 
mid-infrared colours in the wedge) is obscured in X-rays (with 
HR > -0.4) and there is a clear correlation between the optical- 
to-infrared colour and the X-ray obscuration. This correlation 
however does not end up with all red AGN being obscured, as 
27% (7/26) of AGN with R c - K > 5 and mid-infrared colours 
in the wedge have HR < -0.4. If we take into account only ob- 
jects with f x > 10~ 15 erg s^'crrT 2 to avoid the redshift effect and 
the effect of XMM-Newton's sensitivity, this ratio becomes 6/24. 
Moreover, none of these 6 sources is in the grey area of Figure|9] 
where a scattered X-ray component is likely to affect the hard- 
ness ratio. There is however one source (XID 26) close to this 
area (with HR2 = -0.13) which shows signs of X-ray absorption 
having F = 1 .09 + 0.20 when a single p ower-law fit to the spec- 
trum is performed (Mat eos et all 12005). Discarding this source, 
the fraction of X-ray unobscured AGN-dominated sources with 
/ x > lO^ergs^ctrT 2 and R c - K > 5 is still above 20% and 
they all have HR2 < -0.35. 
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This population of reddened but X-ray unobscured AGN 
can be explain ed with a simple orientation-based AGN unifi- 
cation model (lAntonuccil 1 19931) . since the region which gen- 
erates the X-ray emission (accretion disk) is not spatially co- 
incident with the region where the optical-infrared emission is 
generated (inner side of the molecular disk or torus). If we con- 
sider a clumpy molecular disk or torus (e.g. [E litzur & Shlosman, 
2006; IWada. P apadopo ulos & Spaansl 120091) . there can exist a 
geometrical set-up where the line-of-sight to the accretion disk 
is clear, while obscuring clouds are hindering the direct view to 
th e most prominent optical - near-IR emitting reg ions (see Fig. 5 



m 



Shi et al.L 20061). or the y are se lf-absorbed. iNenkova et al.l 



(2008ah and TNenkova et all (|2008b) have shown that a clumpy 
torus can cause a large scatter in the X-ray obscuration proper- 
ties of AGN which have similar IR characteristics, due to the fact 
that the X-rays come from one physically small region while the 
IR is the integrated emission of a large number of clouds in a 
large area. While the X-ray absortption is generally higher than 
what would be expected form the infrared, the opposite effect for 
a small fraction of the sources is not ruled out. Another plausible 
explanation for these X-ray unobscured red objects is that inter- 
stellar dust obscures the optical flux without affecting the soft X- 
rays. The opposite behaviour is reporte d in the local univer se in 
the form of a very low Eb-v/Nh ratio (Maiol ino et al. , 20011) and 
explained with large dust grains (iMaiolino et all 20011) . Here, 
we have to assume low metallicity dust which obscures the opti- 
cal wavelengths but lacks the heavy elements (heavier than oxy- 
gen) which would absorb the X-rays. 



5.3. Properties of AGN host galaxies 

As we can see in Figure|5] the optical to mid-infrared colours 
of passive galaxies are quite different, at any redshift, from the 
typical colours of AGN-host systems. To check whether the host 
galaxies of X-ray AGN are a random sample of sources we plot 
the Rc - K colour against the K magnitude in FigureQT] The 
symbols are identical to Figure[5] We can see here that the AGN 
hosts tend to avoid the location of the bulk of the underlying 
sources. If we ignore the AGN dominated (filled) unobscured 
(blue) sources with Rc - K < 2.5 (dashed line in FigurefTTTi. 
which are related to optical QSOs, the distribution of the AGN 
hosts is similar to what is found in the optical rest-frame colour- 
magni t ude diagram (e.g. iNandra et"aQ 120071; ISilverman et al.L 
2008i iGeorgakakis et all 120081: iHickox et all 120091) . although 
there is no clear "red sequence" or "green valley" because we 
are using observed and not rest-frame magnitudes. There is also 
the trend of redder objects to be m ore obscured in X-rays (see 
iRovilos & Ge oi'gantop oulosl 120071) . 

The positions of the AGN hosts in the "green valley" of the 
colour-magnitude diagram is often linked with the evolution- 
ary sequence of AGN and more specifically it is argued that it 
marks the quenching of star fo rmation by AGN fe edback (e.g. 
iHopkins et ail 120051) . However. iBrusa et all (120091) attribute the 
red colours to dusty s tar formation rathe r than a n evolved stellar 
population (see also Georgakakis et all 120091) . so that the po- 
sition in the colour-magnitude diagram is not indicative of the 
evolutionary status but more an indication of the abundance of 
obscuring material. A closer look in the histograms of FigurefTTI 
reveals that the tendency of redder objects to be more obscured 
is confined in the filled symbols (right-side histograms), indicat- 
ing optical emission from the AGN, while the colours of the host 
galaxies (left-side histograms) show no clear correlation with the 
obscuration of the nucleus, something also demonstrated in the 
two diagrams of Figure[10] A K-S test on the Rc - K values 



of the blue and red histograms of FigureQj] ignoring the un- 
obscured sources with Rc - K < 2.5, gives a null hypothesis 
probability of 35% to the "open" histograms and 0.009% to the 
"filled". This means that the (red) optical colours of obscured 
AGN are affected by the c olour of the nucleus w hich gives rise 
to the correlation (see also iPierce et all 1201 0b). rather than an 
evolutionary relation between red hosts and obscured AGN. A 
weak trend is detectable for host-dominated systems, which is 
not statistically significant, it is however still problematic that a 
sizeable fraction of red host galaxies host obscured AGN. 

We have to note here that a definite answer on the cause of 
red optical colours of the host galaxies being dust or an evolved 
population can be provided by morphology, which requires high 
spatial resolution images from space or adaptive optics, and such 
observations are not yet available for the Lockman Hole, or al- 
ternatively SED fitting of different templates to disentangle the 
different emission mechanisms, which requires complete spec- 
tral coverage and reliable redshifts. A more thorough analysis 
will take into consideration spectroscopic (where available) and 
photometric redshifts and will be presented in a subsequent pa- 
per, when the photometric redshift analysis and the subsequent 
SED fitting is completed. 

6. Conclusions 

We have investigated the observed-frame multi-wavelength 
properties of 377 X- ray selected AGN in the Lockman Hole 
dBrunner et all 120081) . The optical and infrared counterparts 
have been selected from UKIRT, Subaru, and Spitzer IRAC and 
MIP S observation s using the likelihood ratio method. Using the 
IStern et ail (120051) diagram we made an attempt to assess the rel- 
ative impact of the AGN and galaxy emission in the observed 
optical and infrared flux. Our results are summarized as follows: 

1. We find an optical and/or infrared counterpart for the vast 
majority (98%) of the X-ray sources. Of the 8 sources which 
have no counterpart, two are X-ray clusters, one is a low re- 
liability X-ray source, one is an off-nuclear source, and three 
are undetected in our images. The highest detection rate is in 
the mid-infrared (3.6 yum), where 93.5% of the X-ray sources 
covered by the IRAC survey are detected. 

2. The AGN-dominated and host-dominated sources have dif- 
ferent distributions in the / x //r c vs - Rc ~ K (Figure|4]l and 
fiAiiml '/r c vs - Rc ~ K (Figure|5]l diagrams. In the latter, 
the host dominated sources are closer to the distribution of 
non X-ray detected sources, while their colours cannot be 
explained with quiescent galaxy SEDs; either (dusty) star- 
forming or obscured Seyfert SEDs are required. 

3. There is a clear correlation between X-ray obscuration and 
Rc - K colour for AGN dominated systems, such that the 
redder the colors are, the higher the fraction of obscured 
AGN is. However, we don't observe such a trend in host- 
dominated cases (FigurefTOli. 

4. There is a significant fraction (~ 1/3) of EROs which are 
unobscured in X-rays. Moreover, most of them owe their red 
colours to the AGN and not the host galaxy. To explain this 
population we have to employ geometrical arguments or as- 
sume special dust properties which absorb the optical pho- 
tons and leave the X-rays intact. 

5. The optical - near-infrared colours of X-ray AGN are in gen- 
eral redder than those of non X-ray detected objects, and 
this happens for both AGN- and host-dominated systems. We 
also observe a trend of redder objects being more obscured 
in X-rays, which is more prominent for host-dominated sys- 
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K (Vega) 

Fig. 11. Rc - K colour versus /f-band magnitude of X-ray AGN in the Lockman Hole. The blue and red symbols are identical to 
Figures|4]and[5] while the grey dots represent the colours of optical-UKIDSS normal galaxies. The left-side and right-side coloured 
histograms refer to the open and filled symbols, while the grey histogram on both sides refers to the grey dots. 



tems, indicating the affect of dust obscuration in the optical- 
infrared colours. 
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Table 2. Basic X-ray, optical, and infrared properties of the Lockman Hole X-ray sources 
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-0.31 


4.28 
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0.88 


2.00 





Table 2. continued. 



XID 


/(0.5-10)keV 
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log £(0.5-10)keV 
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log f- 
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[5.8]-[8.0] 
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0.64 
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0.22 
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0.22 


0.84 
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1.72 


0.53 




162.982987 
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-0.30 


-0.46 
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1.39 
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162.985923 


57.634559 


0.12 


-0.62 


5.13 


0.17 


0.61 
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61 


5.39 


0.21 


43.80 


162.990917 


57.327642 


0.67 


0.34 


4.10 






1.79 


1.379 6 
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1.69 


0.16 




162.994759 


57.466287 


0.80 
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<2.84 


1.13 




<2.23 
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2.22 


-0.67 




162.994348 


57.541703 


0.63 


-0.22 


5.40 


0.55 


-0.19 


<1.94 







Table 2. continued. 
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[5.8W8.01 


log^ 


7 




AlU ^ Ull 




f*~V(y C / 1 (I 


Hps 




vega 


V Ciitl 






IOj 
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0.50 
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0.81 
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57.622693 
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72 
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0.87 
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0.77 
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Table 2. continued. 
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0.16 


2.41 






321 


9.54 
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Table 2. continued. 
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0.14 


0.18 
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-0.37 
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0.23 
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0.77 


0.137 4 
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0.91 


0.39 
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0.17 
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0.71 


0.79 
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0.94 
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Table 2. continued. 
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0.57 
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0.27 


-0.40 


4.95 
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0.21 


1.15 






472 


13.39 


-0.66 


44.10 


163.417187 


57 588237 


0.84 






0.29 


0.33 


<1.37 


1.263 4,a 


cluster 

V 1 Ll 9 IV. 1 


342 


93.76 


-0.69 


44.17 


163 415628 


57 517837 


0.36 


0.62 


2.63 


0.78 


0.93 


1.43 


0.586 3 




144 


2.81 


-0.97 


41.53 


163 416580 


57 398038 


-1.70 


-1.85 


3.66 


0.16 


0.20 


<-0.4 


0.206 4 


^- 1 LI . 9 LA^ 1 


117 


2.88 


-0.04 




163 418803 


57 375043 


1.04 


0.21 


5.36 


0.66 


1.15 


2.34 






2380 


2.06 


-0.17 




1 63 422347 


57 506664 


0.83 


0.33 


4.52 


0.41 


0.31 


<2.17 






58 


5.08 


-0.62 




163.424795 


57 325626 


1.35 


0.55 


5.27 


0.50 


0.07 


2.38 






397 


3 97 

j ,y i 


-0 08 


43 06 


1 63 495369 

1UJ.tZ.JJU7 


57 538788 

J / . J JO / OO 


35 

U.JJ 


-0.21 


4 69 


1 5 


99 

U.77 


1 87 

1 .O / 


786 6 - a 






9 61 


-0 09 




1 63 4337SS 

lUJ.Tjj / J J 


S7 49S463 

J / .tZJtUJ 


Q9 
w. yz. 


^9 


A 78 
i • / o 


68 

U.UO 


Q4 


3 99 
J .z,z, 






111 

L 1 1 


^o i zl 


O S7 
-U.J / 


AA 7^ 


1 6^ zl^70^S 
ID J.'H-J / WJ J 


S7 ZL77890 


o zn 


U.77 


1 88 
l .oo 


77 
W. / / 


1 1Q 

1 . ly 


1 1 S 

1 . 1 J 


1 81 6 3 




1 6S 


1 91 


n 97 

-\J.L 1 




1 6^ AX11A % 
IOj.tj / L 1 J 


S7 zl0zl6zl7 

J / .tutOt / 


1 8 

"W. 1 O 


W. J) 


9 00 
z.ww 




W. J J 




^ 1 A(\ 
<~ 1 .H-KJ 






370 
j 1 u 


Q6 

U. "U 


-0 77 
u. / / 




1 63 AA\ 8QS 
luj.TT i oy j 


S7 SI 7Q39 
j / . j i / yjz. 


06 
w. wu 


05 


J . J 1 


48 


1 07 

I .u / 


<?\ Id 






1544 


0.44 


-0.97 




163 441074 

1UJ. II J. V/ / " 


57 602241 


-0.14 


-0.54 


4.30 
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0.64 


5.92 


0.52 


1.15 


2.85 






326 


48.86 


-0.27 


44.02 


163.453277 


57.509369 


1.27 
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Table 2. continued. 
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a Low quality redshift 

1 UKIDSS K-ba.n& position 

2 IRAC 3.6 fim position 

3 Redshift from Schmidt et all (jl99gj) 

4 Redshift froml Lehmann et al l (1200 ll) 

5 Redshift from liMateos et alj j2005l) 

6 Redshift from Keck/DEIMOS 

7 Flagged as star because of low R - 1113 colour 



